Introduction
The c-Myc transcription factor is a key regulator of cell growth, dierentiation, and cell death (reviewed by Henriksson and Luscher, 1996) . Genetic changes in the c-Myc gene are a common feature of many types of human cancers, including breast and colon cancers, and Burkitt's and AIDS-associated lymphomas (Nesbit et al., 1999) . Ampli®cation of the c-Myc locus, translocation next to immunoglobulin gene loci, or retroviral integration within the c-Myc gene all disrupt the normal control of c-Myc transcription. This deregulated Myc expression can induce multiple changes in cellular functioning which could contribute to its transforming activity. These alterations are thought to result from transcriptional activation or repression of a number of Myc target genes, including those involved in cellular growth, metabolism and cell cycle regulation (Grandori et al., 2000) .
Myc overexpression can induce proliferation in vivo and in vitro, and this activity is presumed to be important in Myc-induced tumorigenesis. Several Myc target genes have been identi®ed which regulate cell cycle transit, including Cdk4 (Hermeking et al., 2000) , and cyclin E (Jansen- Durr et al., 1993) . Myc also promotes cell growth (Iritani and Eisenman, 1999; Johnston et al., 1999) , and increases ribosome and translation factor production (Schmidt, 1999) . However, Myc also sensitizes cells to apoptotic signals (reviewed by Prendergast, 1999) , which could curb these growth eects. Myc overexpression also inhibits dierentiation (reviewed by Henriksson and Luscher, 1996) . For example, transgenic mice overexpressing Myc in B cells accumulate immature lymphocytes in hematopoeitic tissues, which exhibit slowed progression to mature stages (Langdon et al., 1986) . Myc may in¯uence dierentiation through its ability to block cell cycle exit, so that cells alter their response to dierentiation signals (Henriksson and Luscher, 1996) . However, Myc promotes dierentiation of epidermal progenitors (Gandarillas and Watt, 1997) and lens epithelium (Nath et al., 1987) , suggesting that these dierentiation eects are modulated by cell type dierences. Myc-overexpressing cells also induce neovascularization when expressed from avian lymphocytes (Brandvold et al., 2000) , murine keratinocytes (Pelengaris et al., 1999) , or rat ®broblasts (Ngo et al., 2000) , and this angiogenic phenotype may support growth of tumors. Some or all of these activities may contribute to the common involvement of c-Myc gene deregulation in cancers.
We used an avian model of retroviral c-Myc overexpression in bursal progenitors to identify those Myc functions involved in early stage transformation of lymphocytes. Avian leukosis virus (ALV) induces bursal lymphomas in chickens after proviral integration within the c-Myc gene, and subsequent Myc overexpression. Five to 50 Myc-transformed follicles can be identi®ed among the 10 000 bursal follicles within weeks after infection, by dierential Methyl Green Pyronin (MGP) staining (Cooper et al., 1968) . Transformed follicles contain cells with clonal proviral c-Myc integrations (Ewert and deBoer, 1988) , so that each is derived from a single Myc-overexpressing progenitor. Transformed follicles grow more rapidly than normal follicles, and can progress to form metastatic lymphomas. The unique anatomical arrangement of these transformed follicles allows localization and analysis of the early stages of Mycinduced tumorigenesis within each clonal focus. Previous studies identi®ed an angiogenic phenotype in early stage transformed follicles, which appears to result directly from Myc overexpression within these lymphocytes (Brandvold et al., 2000) . The other immediate consequence of Myc overexpression observed is rapid growth of transformed follicles, so that they become much larger than normal follicles (Ewert and deBoer, 1988) . The cellular changes mediating this growth during early stage lymphomagenesis were analysed. Transformed follicle expansion was found to be mediated by blocked normal posthatching dierentiation and emigration from the bursa, with a smaller contribution from Myc-induced proliferation.
Results

c-Myc overexpression blocks lymphocyte differentiation at a discrete embryonic stage
ALV infection of day 10 chick embryos produces Myc-transformed bursal follicles within 35 days after hatching, which can be identi®ed by MGP staining of bursal cryosections sampled every 450 mm. These transformed follicles show dierential pink MGP staining relative to surrounding purple normal follicles (Figure 1a ), indicating increased ribosome content. Nearly all lymphocytes within transformed follicles show strong nuclear immunohistochemical staining with Myc antisera (Figure 1b) . Bursal follicles are normally populated by one or a few progenitors during embryogenesis (Ratclie, 1985) . This consistent observation of Myc-overexpressing clones populating transformed follicles indicates that follicles are established by a single progenitor carrying a proviral c-Myc integration, or that Mycoverexpressing lymphocytes overgrow other progenitors at an early stage.
The dierentiation program is synchronous in embryonic and post-hatching bursal lymphocytes, and can be monitored by immunohistochemical staining Scale bar 100 mm using a panel of antisera directed against stage-speci®c antigens. This allowed us to test whether Myc overexpression in¯uences bursal lymphocyte dierentiation, and whether a speci®c developmental stage is targeted. Lymphoid progenitors migrate into the bursa from day 8 to 15 of embryogenesis, and proliferate to form discrete follicles. Follicles continue to expand rapidly after hatching, and lymphocytes also emigrate from the bursa to seed the periphery. Normal follicles from each stage showed a distinct staining pattern with each antisera (data not shown), con®rming previous studies (Olson and Ewert, 1990; Masteller et al., 1995b) . However, transformed follicles consistently showed a dierent staining pattern than normal follicles (Table  1) . Overall, the staining pattern of transformed follicle lymphocytes corresponded to that of follicles at day 16 to 20 of embryogenesis, a result consistently observed in examination of more than 15 transformed follicles from SC or Line 15I 5 67 1 chickens.
The sialyl Lewis X antigen is an early surface marker which disappears from lymphocytes after day 15 of embryogenesis, once progenitors have populated bursal follicles (Masteller et al., 1995b) . This antigen is not detected in normal or transformed follicles from 35-day-old birds (Table 1) , while it is detected as expected in day 14 embryos (data not shown). In contrast the Lewis X antigen, which appears after day 15 of embryogenesis, is detected in both normal and transformed follicles (Table 1) , supporting the idea that normal and Myc-overexpressing cells have progressed beyond the initial bursal entry stage. However, the bcl-6 protein is expressed in the cortical region of normal bursal follicles only after hatching (Flenghi et al., 1996) , while bcl-6 immunostaining is not detected within transformed follicles (data not shown), suggesting that these lymphocytes are immature relative to normal post-hatching lymphocytes.
The Hy86b5 antigen is expressed by nearly all bursal lymphocytes from day 14 to 20 of embryogenesis, and then disappears after hatching (Olson and Ewert, 1990) . However, transformed follicle lymphocytes continue to express Hy86b5 ( Figure 1c ). Areas of transformed follicles corresponding to abnormal blood vessels also express high levels of Hy86b5 antigen, re¯ecting the angiogenesis observed in transformed follicles (Brandvold et al., 2000) . CB11 antigen expression is restricted to day 16 to 20 embryos, however CB11 antisera stains Myc-overexpressing but not normal lymphocytes (Figure 1d ). High power examination shows uniform Hy86b5 and CB11 immunostaining of transformed follicle lymphocytes (data not shown), indicating that most or all Myc-overexpressing lymphocytes are blocked at an embryonic stage. The CB7 and CB9 antigens begin expression at day 16 of embryogenesis, and both transformed and normal lymphocytes stain with these antisera ( Figure  1e ). Taken together, these data indicate that transformed follicle lymphocytes are consistently blocked at an early developmental stage, showing an antigen expression pattern unique to that of day 16 to 20 embryo lymphocytes, while normal follicles show the expression pattern typical of post-hatching lymphocytes (Table 1) .
Transformed follicles show the same rate of programmed cell death as normal post-hatching bursal follicles Post-hatching bursal follicles grow rapidly by active lymphocyte proliferation, which is checked by extensive apoptosis (Paramithiotis et al., 1995) . Transformed follicles grow even more rapidly, so that they are two to four times larger within weeks after hatching (Olson and Ewert, 1988) , representing an 8 ± 65-fold increase in follicle volume relative to normal follicles. Myc overexpression can increase susceptibility to apoptosis under conditions of growth factor deprivation (Prendergast, 1999) . However, transformed follicle lymphocytes appear to be blocked at an embryonic stage which does not undergo apoptosis (Neiman et al., 1994) , suggesting that transformed follicles could grow more rapidly due to decreased cell death.
Immunohistochemical TUNEL assay of apoptotic DNA degradation (Gavrieli et al., 1992) was used to determine whether the apoptotis rate diers from normal in transformed follicle lymphocytes. Both normal and transformed follicles showed many TU-NEL-positive lymphocytes (Figure 2a ± c), suggesting that inhibition of apoptosis is not involved in the rapid growth of transformed follicles. This impression was checked by counting the percent of TUNEL-positive cells in two cortical and two medullary regions (*500 mm 2 ) each from six representative pairs of adjacent normal and transformed follicles. These measurements con®rmed that the apoptotic rate was very high at 5 ± 8% in the medulla and cortex of normal follicles (Figure 3a ), in agreement with previous studies (Paramithiotis et al., 1995) . The equivalent regions of transformed follicles showed the same rates of programmed cell death, so that changes in this parameter cannot explain the more rapid growth of transformed follicles after hatching. Bursas were cryosectioned and sampled at 450 mm intervals by MGP staining to identify samples containing transformed follicles. Adjacent sections were stained with each antosera. The pattern of expression of these developmental markers in transformed follicle lymphocytes was compared with that of normal follicle lymphocytes from embryos or hatched birds
Myc overexpression does not increase cortical lymphocyte proliferation in transformed follicles
The ability of Myc overexpression to promote cell division in a number of cell types (reviewed by Henriksson and Luscher, 1996) suggests that transformed follicles grow more rapidly as a result of increased proliferation. This possibility was examined by measuring the mitotic rate in normal and transformed follicles, by immunohistochemical staining of bursal sections with antisera recognizing a mitosisspeci®c phosphorylated histone H3 (Hendzel et al., 1997) . The abundance of mitotic cells showing nuclear phosphohistone immunostaining appeared similar in normal and transformed follicles (Figure 2d ± f). This impression was con®rmed by counting the percent mitotic cells within cortical and medullary regions of eight follicle pairs. The cortex of normal or transformed follicles demonstrated the same mitotic index at 2.5% (Figure 3b ). The medulla of transformed follicles showed a higher mitotic index (2.0%) than that of normal bursal follicles (1.3%). The average cell density measured by counting methyl green-positive nuclei in 500 mm 2 sections was similar in normal and transformed follicles (data not shown), indicating that this increased proliferation contributes to the expansion of transformed follicles.
A second independent approach measuring DNA synthesis was used to test whether Myc overexpression signi®cantly increases proliferation within transformed follicles. Thirty-®ve-day-old birds were pulse-labeled for 30 min with BrdU, followed by immunostaining of BrdU-labeled nuclei. High rates of BrdU incorporation were detected in the cortex of normal follicles, with lower rates in the medulla (Figure 4a ± c) , in agreement with the dierent mitotic rates in these regions ( Figure   3b ). In contrast, transformed follicles consistently showed high incorporation throughout each follicle. Counts of the proportion of BrdU pulse-labeled cells (Figure 5a ) con®rmed that the rates of DNA synthesis were high and similar in the cortex of transformed and normal follicles (20 and 29% respectively). However, the medulla of transformed follicles showed twice as much DNA synthesis as that of normal follicles. This increase was statistically signi®cant by paired t-test (P498%). These modest proliferation eects suggested that some other Myc function contributes to rapid transformed follicle growth.
Myc overexpression blocks lymphocyte emigration from transformed follicles
Progenitors migrate into the bursa and populate follicles during embryogenesis, while after hatching these lymphocytes continue to proliferate and also begin to emigrate to the periphery (Paramithiotis and Ratclie, 1994) . Transformed follicle lymphocytes are blocked at an embryonic stage, suggesting that they could fail to undergo post-hatching emigration from the bursa, which could contribute to rapid growth of transformed follicles. This hypothesis was tested by pulse-labeling ALV-infected birds with BrdU, followed by chase injections with thymidine for 8 h, and immunostaining of bursal crysections using BrdU antisera, a technique used to monitor lymphocyte emigration (Paramithiotis and Ratclie, 1994) . Transformed follicles demonstrated striking retention of labeled cells (Figure 4d ± f) , assessed by counting the per cent BrdU-positive nuclei (Figure 5b) . Most of the labeled lymphocytes disappeared from normal follicles during this 8 h chase period, con®rming previous studies (Paramithiotis and Ratclie, 1994) . In contrast, (Figure 5b ). This bursal retention is statistically signi®cant by paired t-test (P499%).
The eciency of BrdU incorporation varied somewhat between dierent birds, so that more accurate assessment of emigration was obtained by pairwise analysis of normal and transformed follicles from each cryosection. Calculation of the ratio of BrdU-labeled cells in each section indicated that on average seven times as many lymphocytes were retained within the cortical and medullary equivalents of transformed follicles, indicating a strong block to post-hatching emigration in both regions. This retention could account in large part for the rapid growth of transformed follicles.
Discussion
Analysis of the eects of Myc overexpression on avian lymphocyte progenitors in vivo provided insight to the cellular alterations mediating early transformation by this proto-oncogene. Surprisingly, the major changes observed involved the Myc-induced dierentiation block and resulting failure of post-hatching emigration, rather than alterations in proliferation or apoptosis. Lymphocyte development was halted at the same embryonic stage in every transformed follicle examined, while normal follicle lymphocytes all progressed to a post-hatching stage. Myc-overexpressing cells also retain stem cell function after transplantation, a characteristic restricted to embryo progenitors (Neiman et al., 1988) . Moreover, ALV infection eciently induces lymphomas only if birds are infected before hatching (Maas et al., 1982) , supporting the idea that embryo lymphocytes are the target of Myc transformation. These lymphocytes could be particularly susceptible to Myc transformation, or could be the only cells able to survive provirus-driven Myc overexpression. This developmental block appears to be severe in most or all Myc-overexpressing lymphocytes, as transformed follicles show uniform immunostaining with embryo antigens. This result diers from that observed in transgenic mice carrying the immunoglobulin heavy chain gene enhancer driving Myc expression, in which Myc overexpression slows but does not prevent B cell dierentiation (Langdon et al., 1986) . This could be due to dierences in the developmental stage of the target cells involved, in the eect of Myc on lymphocyte dierentiation in each species, and/or in the pattern of Myc overexpression in the two models.
Myc overexpression inhibits dierentiation in many cell types, although Myc target genes speci®c for this pathway have not been identi®ed. Myc-enforced proliferation could potentially prevent a developmentally regulated pause in the cell cycle required for progression to the next stage of dierentiation. In support of this idea, repression of conditional Myc overexpression in T cells of transgenic mice immediately halted proliferation, followed by rapid dierentiation (Felsher and Bishop, 1995a) . Myc levels¯uctuate during murine B cell development (Zimmerman et al., 1986) , so that Myc could contribute to regulation of intermittent lymphocyte proliferation and dierentiation. Avian lymphocytes appear to continuously proliferate to support rapid bursal expansion in embryos and hatched birds (Ratclie, 1985) . However, a brief pause in this cycling could occur before hatching, that might be required for lymphocyte The dierentiation block in Myc-transformed follicles is associated with abnormal follicular architecture. The CB7 and Lewis X antigens are normally con®ned to the medulla (Masteller et al., 1995b; Olson and Ewert, 1990) , however they are expressed in both the cortical and medullary equivalents of transformed follicles. The CB11 antigen is normally limited to a few cortical lymphocytes of the post-hatching bursa, while it is expressed throughout transformed follicles. Moreover, the corticomedullary basement membrane degenerates in transformed follicles, and abnormal neovascularization spreads throughout the follicle (Brandvold et al., 2000) . The follicular cortex, medulla, and basement membrane are established at day 15 of embryogenesis (Schoenwolf et al., 1981) , so that Myc overexpression disrupts this structural organization. Abnormal tissue architecture is also observed in transgenic mouse models overexpressing Myc in keratinocytes (Pelengaris et al., 1999) or T cells (Felsher and Bishop, 1999a) , soon after the onset of Myc overexpression. This disruption of normal structural constraints could promote angiogenesis to support rapid transformed follicle growth and metastasis.
Myc-induced apoptosis or proliferation have minor roles in early stage lymphomagenesis
Transformed follicle lymphocytes show high apoptotic activity that is not dierent than that of normal posthatching lymphocytes. However, transformed follicle lymphocytes appear to be blocked at an embryonic stage which normally does not exhibit apoptosis (Neiman et al., 1991) , suggesting that Myc overexpression increases the apoptotic sensitivity of these cells, as has been observed in other cell types (Prendergast, 1999) . Alternatively, transformed follicle lymphocytes could be responding to the same apoptotic signals experienced by normal post-hatching lymphocytes. Either way, suppression of apoptosis is not involved in the rapid expansion of transformed follicles. In support of this idea, Myc-induced thymic lymphomas or B cell lymphomas in transgenic mice grow rapidly while they undergo high rates of apoptosis (Prasad et al., 1997; Blyth et al., 2000) . These ®ndings suggest that while inhibition of apoptosis can promote tumor growth (Grandori et al., 2000) it is not required for tumorigenesis involving the Myc gene.
The ability of Myc to induce proliferation is thought to be an important component of its oncogenic activity. However, our analyses suggest that while stimulation of proliferation contributes to transformed follicle growth, this eect is modest. Avian bursal progenitors normally undergo rapid cell division, so that Myc-overexpressing cortical lymphocytes do not further increase their high and probably maximal proliferation rate, while medullary lymphocytes show a modest increase in proliferation to these high levels. Volume calculations indicate that more than 75% of lymphocytes are located in the cortex of normal follicles (data not shown), so that this medullary increase would boost transformed follicle growth by only about 20% relative to normal follicles. These ®ndings suggest that Myc-induced tumorigenesis can begin without signi®cantly in¯uencing proliferation. Myc overexpression also does not increase proliferation in colorectal cancer (Brabletz et al., 2000) . However, Myc-induced proliferation could play a more signi®-cant role in target cell types which are not already cycling rapidly.
Blocked bursal emigration promotes growth of Myc-transformed follicles
The synchronous program of avian B cell development involves migration of progenitors into embryo bursal follicles, lymphocyte expansion in late embryos, and emigration from the bursa with continued proliferation after hatching. This emigration is signi®cant, with the majority of follicle lymphocytes disappearing from the bursal within 8 h after dividing. However, lymphocyte emigration is strongly inhibited in transformed follicles. This could result from the embryonic status of Mycoverexpressing lymphocytes, so that they do not respond to post-hatching emigration signals. The molecules regulating bursal retention or emigration have not been identi®ed. One interesting candidate that could mediate these signals is Lewis X, a lymphocyte surface oligosaccharide. Lewis X expression is low in progenitors populating the embryonic bursa, while it is expressed at high levels in late embryos, with decreased expression after hatching, suggesting that this oligosaccharide could mediate bursal adhesion or emigration (Masteller et al., 1995a) . In support of this idea, Myc-transformed follicle lymphocytes which do not emigrate retain the late embryo pattern of high level Lewis X immunostaining. Further studies will determine whether alterations in Lewis X or other developmentally regulated molecules mediate the Myc-induced emigration block.
The retention of lymphocytes in transformed follicles appears to make a major contribution to their rapid growth, as cortical lymphocytes, which are the major follicle components, show identical rates of proliferation and apoptosis in normal and transformed follicles. The sevenfold higher rate of retention of proliferating cells within transformed follicles would make a much larger contribution to follicle growth than the average 1.2-fold increase in proliferation. We estimate that growth mediated by bursal retention alone would theoretically double follicle mass every day, suggesting that the concomitant high rates of apoptosis slow their growth. Transgenic mice overexpressing Myc in T cells exhibit abnormal accumulation of cells within hematopoeitic tissues (Felsher and Bishop, 1999a) , which could also involve reduced maturation and migration between hematopoeitic compartments. This localized accumulation of Myc-overexpressing cells is accompanied by neovascularization in avian transformed follicles (Brandvold et al., 2000) , and in the dermis of transgenic mice expressing Myc from keratinocytes (Pelengaris et al., 1999) , which could be promoted by the local accumulation of angiogenic factors in Mycexpressing foci.
These studies demonstrated that the major early consequence of Myc overexpression in avian lymphocytes involves inhibition of dierentiation, which is accompanied by abnormal lymphocyte retention within bursal follicles, disruption of the normal tissue architecture, and neovascularization. The question remains open whether Myc-induced genetic instability (Felsher and Bishop, 1999b) or speci®c secondary mutations are required to promote metastatic tumor growth, or if these pleiotropic Myc eects are sucient to support tumor formation. Experimental reversal of conditional Myc overexpression in mouse thymic lymphocytes gave rapid dierentiation, apoptosis, and tumor resorption (Felsher and Bishop, 1999a) , supporting the idea that accumulation of developmentally 
Materials and methods
Virus infection of embryos
Lymphoma-susceptible Line 15I 5 67 1 (USDA Poultry Research Laboratory; Lansing, MI, USA) or SC strain day 10 embryos (Hyline International, Dallas Center, IA, USA) were infected by RAV-1 ALV injection into a chorioallantoic artery (Gong et al., 1998) . Bursas from 35-day-old birds were frozen on dry ice in O.C.T. (Sakura Finetek Inc., USA), and serial cryosections were sampled every 450 mm. Test sections were ®xed in Carnoys solution, and stained with MGP (Sigma) for identi®cation of sets containing transformed follicles.
Immunohistochemical analysis of developmental markers
Chicken Myc antisera (provided by Dr R Eisenman) was used to stain 4% paraformaldehyde-®xed 70.2% Triton X-100-permeabilized cryosections, which had been blocked with 3% BSA. CB7, CB9, CB11, and Hy86b5 antisera (Olson and Ewert, 1990) , or sialyl Lewis X and Lewis X antisera (Dako) were used to stain 4% paraformaldehyde-®xed sections. Acetone-formalin ®xation was used for immunostaining with bcl-6 antisera (provided by Dr G Cattoretti (Flenghi et al., 1996) ). Alkaline phosphatase-labeled secondary antisera (Southern Biotechnology) and Vector Black (Vector Laboratories) were used for immunodetection, followed by methyl green counterstaining.
Measurement of apoptosis and mitosis
Apoptotic cells were detected in formalin-®xed cryosections by TUNEL assay (Gavrieli et al., 1992) using the APOPTAG kit (Oncor), followed by methyl green counterstaining (Vector Laboratories). Mitotic cells were detected by ®xation in 95% ethanol ± 5% acetic acid, and immunostaining with antisera to phosphohistone H3 (Upstate Biotechnology), with Vector Black detection and hematoxylin counterstaining.
The number of TUNEL-positive or phosphohistonepositive nuclei and the total number of methyl green-stained nuclei were measured in normal and transformed follicles, by counting four evenly spaced 500 mm 2 ®elds across the cortex and medulla of normal follicles, and the equivalent inner and outer regions of transformed follicles, at 4006magni®cation.
Pulse-chase analysis of DNA synthesis and bursal emigration For pulse-labeling experiments, 35-day-old ALV-infected birds were injected intraperitoneally with BrdU (Sigma, 50 mg/kg bodyweight in PBS) and sacri®ced after 30 min (Paramithiotis and Ratclie, 1994) . For pulse-chase experiments birds were injected with 3 mg/kg BrdU, and then with thymidine (500 mg/kg) after 30 min, and at 2 h intervals until sacri®ced at 8 h. Methanol-®xed cryosections were stained with anti-BrdU antisera (Boehringer Mannheim) with Vector Black immunodetection and hematoxylin counterstaining. The number and abundance of BrdU-positive nuclei were counted as described above.
